CD4 T cells help immune responses, but knowledge of how memory CD4 T cells are regulated and how they regulate adaptive immune responses and induce immunopathology is limited. Using adoptive transfer of virusspecific CD4 T cells, we show that naive CD4 T cells undergo substantial expansion following infection, but can induce lethal T helper type 1-driven inflammation. In contrast, memory CD4 T cells exhibit a biased proliferation of T follicular helper cell subsets and were able to improve adaptive immune responses in the context of minimal tissue damage. Our analyses revealed that type I interferon regulates the expansion of primary CD4 T cells, but does not seem to play a critical role in regulating the expansion of secondary CD4 T cells. Strikingly, blockade of type I interferon abrogated lethal inflammation by primary CD4 T cells following viral infection, despite that this treatment increased the numbers of primary CD4 T-cell responses. Altogether, these data demonstrate important aspects of how primary and secondary CD4 T cells are regulated in vivo, and how they contribute to immune protection and immunopathology. These findings are important for rational vaccine design and for improving adoptive T-cell therapies against persistent antigens.
Introduction
CD4 T cells are necessary for the generation of protective immune responses following vaccination or infection. Following immunization, naive CD4 T cells proliferate and generate heterogeneous cell subsets that provide help to various arms of the immune response. These CD4 T cells can differentiate into T helper 1 (Th1), Th2, Th17, Th22, T follicular helper (Tfh), or T regulatory cells. [1] [2] [3] [4] Two of these subsets (Th1 and Tfh cells) play critical roles in the control of viral infections and therefore have been a focus in vaccine research. 2, 3, [5] [6] [7] [8] [9] Th1 cells express high levels of interferon-c (IFN-c), granzyme B, T-bet and Ly6c, among other molecules, and are known to facilitate cell-mediated immunity, whereas Tfh cells express ICOS and the follicle homing molecule CXCR5, which allows these cells to localize to germinal centres to help cognate B cells. 2, 3 The process by which Tfh cells help B cells following immunization or acutely controlled infection is also dependent on the expression of various molecules, including interleukin-21 and CD40L.
During chronic viral infection CD4 T cells also help adaptive immune responses. Absence of CD4 T cells at the time of a chronic viral challenge results in a protracted infection associated with severely impaired CD8 T-cell and antibody responses. 1, 5, 10, 11 Consistent with their role in sustaining cellular and humoral immune responses, adoptive transfer of virus-specific CD4 T cells into chronically infected mice results in improvement of virus-specific CD8 T-cell and B-cell responses, and reduction of viral loads. 9 On the other hand, experimental ablation of CD4 T cells before chronic viral infection results in uncontrolled viral replication and severe immune exhaustion. 10, 12 Nevertheless, experimental ablation of CD4 T cells can sometimes ameliorate host immunopathology during chronic viral infection, demonstrating that CD4 T cells mediate both beneficial and detrimental roles. [13] [14] [15] Although CD4 T cells can promote lethal inflammatory responses in certain settings, these cells are typically one of the first lymphocyte subsets to undergo functional exhaustion following chronic viral infection. Interestingly, 
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previous reports have suggested a role for type I interferon in regulating CD4 T-cell function, 7, 16, 17 but little is known about which specific CD4 T cells are regulated by type I interferon signalling.
Herein, we investigate how naive and memory CD4 T cells are regulated upon antigen challenge and we assess their specific contribution to the adaptive immune response and survival of the host following viral infection. We found that primary CD4 T cells derived from naive precursors expanded significantly more than secondary CD4 T cells derived from memory precursors following either acutely controlled infection or chronic infection. Importantly, primary and secondary CD4 T cells were regulated differently by type I interferon and induced different outcomes in the host. These data improve the current understanding of how memory CD4 T cells improve adaptive immunity, and provide a framework for the optimal design of vaccines and adoptive T-cell therapies.
Materials and methods

Mice, infections and treatments
Approximately 6-to 8-week-old C57BL/6 mice from Jackson Laboratories (Bar Harbor, ME) were used as recipients in all experiments. SMARTA CD4 T-cell receptor (TCR) transgenic mice (JAX Stock No. 030450) were originally developed by Drs Annette Oxenius, Rolf Zinkernagel and Hans Hengartner. 18 For generating memory SMARTA CD4 T cells, naive CD45.1 + SMARTA cells were injected intravenously into CD45.2 + recipients, followed by lymphocytic choriomeningitis virus (LCMV) Armstrong immunization 1 day after. After 30 days, memory SMARTAs were MACS purified by negative selection using the mouse CD4 isolation kit (STEMCELL, Cambridge, MA, USA), and FACS sorted to ≥ 98% purity based on CD45.2 and CD8 exclusion, resulting in untouched memory SMARTA cells for adoptive transfers. The number of transferred CD4 T cells depended on the experimental question. Low numbers of co-transferred CD4 T cells (10 5 ) allowed for longitudinal analyses of primary and secondary CD4 T-cell responses in the same host, in the absence of excessive inflammation and mortality, whereas higher numbers of transferred CD4 T cells allowed for a comparative analysis of how primary or secondary CD4 T cells induced immune protection, immunopathology and mortality. Mice received acutely controlled antigen challenges or chronic antigen challenges 1 day after adoptive cell transfer. LCMV Cl-13 challenges were performed intravenously at a dose of 2 9 10 6 plaque-forming units (PFU). LCMV Armstrong challenges were performed intraperitoneally at a dose of 2 9 10 5 PFU. VV-GP challenges were performed intraperitoneally at a dose of 2 9 10 5 PFU. LM-GP61 challenges were performed intravenously at a dose of 2 9 10 5 CFU. LCMV stocks were prepared using BHK-21 cells. IFNAR1 blocking antibodies (MAR1-5A3) or isotype IgG control were administered at 1 mg per mouse on days À1, 0 and every 2 days after viral infection. Antibodies for in vivo treatments were purchased from BioXCell (West Lebanon, NH). These experiments were carried out in accordance with the recommendations of the Northwestern University Center for Comparative Medicine. All our animal experiments were performed following the guidelines of our approved animal protocol, set by the Northwestern University Institutional Animal Care and Use Committee (IACUC). All mice were treated and handed in accordance with the guidelines established by Northwestern University IACUC.
Flow cytometry
Intracellular cytokine staining was performed following the BD fixation and permeabilization protocol (Cytofix/ Cytoperm, Perm Wash; BD Biosciences, Franklin Lakes, NJ) after 5-hr peptide stimulation with GP61-80 peptide (ANASPEC) in the presence of GolgiPlug and GolgiStop (BD Biosciences, San Jose, CA, USA). LCMV MHC class I tetramers were obtained from the NIH tetramer facility at Emory University. All antibodies were purchased from BD Biosciences. Samples were acquired using a Becton Dickinson LSRII and analysed using FLOWJO (FlowJo LLC, Ashland, OR, USA).
Histology
Mice were killed, and an incision was made in the abdomen and the back of the head, followed by immersion into Bouin's fixative (Polysciences, Inc., Warrington, PA). Haematoxylin & eosin stains were performed on the indicated tissues at day 7 following LCMV Cl-13 challenge.
Microarrays and transcriptomics analysis
Microarrays were performed as described previously with three mice per group 19, 20 and data were uplodaded (GSE number during process). Primary and memory SMARTA cells were MACS-purified by negative selection (STEMCELL) and then FACS-sorted to ≥ 98% purity on a FACS Aria (BD Biosciences) according to congenic marker expression (CD45.1 + for secondary, and CD45.1 + CD45.2 + for primary, CD4 T-cell responses). Sorted cells were spun and resuspended in 1 ml of TRIzol (Life Sciences, Waltham, MA, USA), and stored at À80°. The next day, RNA was extracted with the RNAdvance Tissue Isolation kit (Agencourt, Beverly, MA, USA), and cDNA synthesis was performed using the Ovation Pico WTA v2 kit (NuGEN). cDNA was fragmented and biotinylated using the Encore Biotin Module 4200 (NuGEN), and hybridized to Mouse Genome 430 v2.0 chip (Affymetrix, Santa Clara, CA, USA) at the Microarray Core of Dana Farber Cancer Institute. Analysis of the genome array output data was conducted using the R statistical language and the LIMMA statistical package from Bioconductor (www.bioc onductor.org). 21 First, arrays displaying unusually low median intensity, low variability, or low correlation relative to the bulk of the arrays were tagged as outliers and were discarded from the rest of the analysis. Quantile normalization, followed by a log2 transformation using the Bioconductor package LIMMA, was applied to process microarrays. The LIMMA package was used to fit a linear model to each probe and to perform a moderated Student's t-test on various differences of interest. For data mining and functional analyses, genes that satisfied a P-value < 0Á05 were selected. Probes that did not map to annotated RefSeq genes and control probes were removed. When indicated, the expected proportions of false positives were estimated from the unadjusted P-value. Enriched biological pathways were performed using gene set enrichment analyses. 22 Gene interaction networks were generated using GENEMA-NIA 23, 24 and pathway module analyses was performed using CYTOSCAPE. 25 The transcriptional data sets in this report are uploaded (ncbi.nlm.nih.gov) (GSE92474).
Statistical analysis
Survival plots were analysed using the Mantel-Cox test. All other data were analysed with the Mann-Whitney test using GRAPHPAD software (Prism, La Jolla, CA, USA).
Results
Secondary CD4 T cells are tightly regulated following chronic viral challenge
To evaluate how primary and secondary CD4 T cells are regulated following chronic viral infection, we performed adoptive transfers of splenic naive or memory virusspecific CD4 T cells (Fig. 1a) (Fig. 1b) . One day after, the recipient mice were challenged with chronic LCMV Cl-13 to assess CD4 T-cell expansion.
Strikingly, at day 8 post-infection, there were 27-fold greater numbers of primary SMARTA CD4 T cells (derived from naive precursors) relative to secondary SMARTA CD4 T cells (derived from memory precursors) (Fig. 1c,d , P < 0Á0001). The pattern of increased primary CD4 T-cell responses relative to secondary CD4 T-cell responses was also evident in spleen. Primary CD4 T cells also exhibited higher immune activation than secondary CD4 T cells (see Supplementary material, Fig. S1 ). These results demonstrated that secondary CD4 T-cell responses were more tightly regulated than primary CD4 T-cell responses.
Secondary CD4 T cells also undergo tight regulation following acutely controlled challenges
The previous experiments demonstrated that memory CD4 T cells expand minimally following chronic viral challenge. This suggested a role for persistent antigen in curtailing the recall of memory CD4 T cells. To ascertain this, we interrogated whether secondary CD4 T-cell responses were also tightly regulated after acutely controlled pathogen challenges. We performed adoptive co-transfers of naive and memory CD4 T cells (similar to those in Fig. 1a ), but challenging mice with acutely controlled antigens instead, which included viral (LCMV Armstrong and vaccinia-GP) and bacterial (Listeria-GP61) challenges that were all cleared within a week (Fig. 2a) . Similar to our experiments with chronic LCMV Cl-13 challenge, all acutely controlled challenges resulted in limited expansion of memory CD4 T cells (Fig. 2b-e ). These findings demonstrate that secondary CD4 T-cell responses are more tightly regulated than primary CD4 T-cell responses by a mechanism that is not dependent on antigen persistence.
We then compared the early kinetics of primary and secondary virus-specific CD4 T-cell responses following acutely controlled infection and chronic infection. Our studies demonstrate that acutely controlled infection results in delayed priming of SMARTA cells within the hyperacute phase of infection (96 hr), but after this, acutely controlled infection resulted in greater CD4 T-cell responses relative to chronic infection (see Supplementary material, Fig. S2) . These data also demonstrate that secondary CD4 T cells derived from memory precursors are also tightly regulated during the hyperacute phase of viral infection.
One of the limitations of studying CD4 T-cell responses is that they can disappear following immunization. 26 Class II tetramers can effectively identify LCMVspecific CD4 T cells during the early, but not the late stages of an LCMV Armstrong infection, suggesting a ª 2017 John Wiley & Sons Ltd, Immunology, 152, 328-343 time-dependent mechanism by which memory CD4 T cells reduce TCR recognition (data not shown). To assess potential TCR down-regulation by virus-specific CD4 T cells, we interrogated whether memory SMARTA cells down-regulate their TCR Va2 chain during memory differentiation. Intriguingly, our data demonstrate that TCR Va2 progressively declines after infection (see Supplementary material, Fig. S3 ).
Biased T helper cell subset expansion of primary and secondary CD4 T cells
We then interrogated T helper subset differentiation of adoptively transferred naive and memory CD4 T cells following viral challenge. Secondary CD4 T cells derived from memory precursors exhibited a greater expansion in Tfh cell subsets, whereas primary CD4 T cells derived from naive precursors exhibited greater expansion in Th1 cell subsets (average CXCR5 + was 69% for secondary, and only 44% for primary CD4 T cells; P = 0Á01) (Fig. 3a,b) . Primary CD4 T cells expressed higher levels of granzyme B (Fig. 3c) and IFN-c (average IFN-c + was 66% for primary, and only 18% for secondary CD4 T cells; P < 0Á0001) (Fig. 3d,e) , but interleukin-2 expression was not significantly different between secondary and primary CD4 T cells (P = 0Á1). A similar pattern of phenotypic differentiation was observed when we co-transferred higher numbers (5 9 10 6 ) of naive and memory CD4 T cells (see Supplementary material, Fig. S4 ), suggesting that the number of transferred cells did not substantially affect the relative distribution of CD4 T-cell helper subsets. Altogether, these phenotypic differences suggested that primary and secondary CD4 T cells may play different roles during viral infection.
Primary CD4 T cells are substantially more inflammatory than secondary CD4 T cells
As mentioned earlier, primary CD4 T cells derived from naive precursors exhibited a biased expansion of Th1 cell subsets, whereas secondary CD4 T cells derived from memory precursors showed a biased expansion of Tfh cell subsets. Since uncontrolled Th1 polarization can cause immunopathological disease, 15 we reasoned that primary, but not secondary, CD4 T cells could cause mortality when present in high numbers. We transferred a high number (5 9 10 6 cells) of naive or memory SMARTAs into naive recipient mice, and challenged these with LCMV Cl-13 the next day to compare host survival and immunopathology.
Mice that received naive SMARTA cells exhibited only a 20% survival and exaggerated weight loss by day 15 post-challenge, whereas mice that received memory SMARTA cells showed 100% survival and only 7% weight loss (P = 0Á0003) (Fig. 4a) . Mortality was also observed in mice that received a high number of naive SMARTA cells followed by challenge with acutely controlled LCMV Armstrong or vaccinia-GP (data not shown), suggesting that antigen persistence was not necessary to induce lethal immunopathology. Histological analyses 7 days after LCMV Cl-13 challenge revealed excessive pulmonary oedema (Fig. 4b) , abnormal monocyte margination at the hepatic endothelium (Fig. 4c) , and bone marrow depletion (Fig. 4d) in the mice that received a high dose of naive, but not memory, CD4 T cells. There was a pattern of decreased viral loads in mice that received memory SMARTA CD4 T cells relative to mice that received naive SMARTA cells, but this was not statistically significant (P = 0Á1) (Fig. 4e) . Altogether, these findings demonstrate that primary CD4 T cells can be lethal and substantially more inflammatory than secondary CD4 T cells.
Memory CD4 T cells improve humoral and cytotoxic responses
As shown previously, secondary CD4 T cells derived from memory precursors are enriched in Tfh cell subsets. Therefore, we hypothesized that secondary CD4 T cells could be better poised to help humoral responses relative to primary CD4 T cells. To test this, we transferred 10 6 naive or 10 6 memory SMARTA cells into naive recipient mice and infected these with LCMV Cl-13 1 day after. Consistent with our hypothesis, we noticed a slight, but not statistically significant (P = 0Á06) increase in the numbers of germinal centre B cells in mice that received memory CD4 T cells relative to those that received naive CD4 T cells (Fig. 5a ). This increase in germinal centre B-cell responses in mice that received memory CD4 T cells was associated with 14Á6-fold higher antibody levels (P = 0Á02) (Fig. 5b) , and sixfold greater viral control (P = 0Á05) (Fig. 5c ) relative to mice that received naive CD4 T cells at day 14.
Although virus-specific CD8 T cells expanded similarly during the early phase of the chronic infection, mice that received memory SMARTAs exhibited improved maintenance of virus-specific CD8 T cells at late time-points (Fig. 5d,e) . Taken together, our data suggest that memory CD4 T-cell responses exhibit limited anamnestic expansion, but are nonetheless better poised to help adaptive immune responses compared with naive CD4 T-cell responses.
Type I interferon signalling regulates primary CD4 T cells and determines host survival
The data from above showed that memory CD4 T cells can provide help to adaptive immune responses despite their limited recall expansion. To elucidate the transcriptional signature of 'memory CD4 T-cell help', we compared gene expression of primary and secondary SMARTA cells at day 7 post-challenge. The experiment setup was similar to that of Fig. 1 , but MACS-purifying CD4 T cells and FACS-sorting primary and secondary SMARTA cells (based on CD45.1/CD45.2 expression) from spleen at day 7 after LCMV Cl-13 challenge for gene expression analyses. This resulted in untouched splenic CD4 T cells for transcriptional analyses. Primary and secondary CD4 T cells showed distinct transcriptional profiles (Fig. 6a,b) , including various genes involved in cell division pathways (Fig. 6c) , consistent with the low recall expansion of memory CD4 T cells. In addition, primary CD4 T cells were enriched in various metabolic pathways, such as oxophos, glycolysis and mitochondrial import, suggestive of high metabolic activity in the rapidly proliferating primary CD4 T-cell response (Fig. 6d) . Moreover, inhibitory and co-stimulatory receptor gene analyses showed that primary CD4 T cells expressed higher levels of Cd160, Ctla4, Lag3, Pdcd1, Cd28, whereas secondary CD4 T cells exhibited greater expression of Cd86 and Cd244 (Fig. 6e,f) . Many cellular pathways were differentially enriched by gene set enrichment analysis scoring (Fig. 7a) , and transcription factor expression analyses revealed that primary CD4 T cells were enriched in the transcriptional regulators Ikzf2 (Helios), Prdm15 and Prdm16 (Fig. 7b,c) . Moreover, primary CD4 T cells were enriched in the Th1 transcription factor T-bet, whereas secondary CD4 T cells were enriched in Eomes (Fig. 7c) . Primary CD4 T cells also showed enrichment in TCR signalling, mammalian target of rapamycin signalling, and type I interferon signalling (Fig. 7d) .
To ascertain the role of type I interferon signalling on CD4 T-cell expansion and immunopathology, we transferred high numbers (5 9 10 6 ) of naive or memory SMARTA cells into naive recipient mice, and infected the mice 1 day after with LCMV Cl-13. Mice were treated with anti-IFNAR1 blocking antibody or isotype control as previously described. 16 Interestingly, mice that received naive SMARTA cells and chronic viral challenge exhibited a more striking expansion of primary CD4 T cells following IFNAR1 blockade (3Á6-fold, P = 0Á006) (Fig. 8a ), but such treatment did not increase the expansion of secondary CD4 T cells (Fig. 8b) . Importantly, mice that received naive SMARTA cells and IFNAR1 blocking antibodies did not succumb despite the increased primary CD4 T-cell response (Fig. 8c,d ), demonstrating a role for type I interferon in regulating immunopathology by primary CD4 T-cell responses independently of CD4 T-cell expansion. Such abrogation of mortality following IFNAR1 blockade was associated with significantly reduced levels of granzyme B on primary virus-specific CD4 T cells, suggesting that interferon type I signalling positively regulated cytotoxicity by CD4 T cells (Fig. 9a) . Future studies will ascertain whether granzyme B expression alone by primary CD4 T cells is sufficient to induce immunopathology, which may arguably depend on cytotoxic CD4 T-cell function. Furthermore, interferon type I blockade in mice that received naive SMARTA cells resulted in inverted T helper subset differentiation with greater numbers of Tfh cells and lower numbers of Th1 cells relative to control treated animals (Fig. 9a,c) . Consistent with this increase in Tfh cell differentiation, antibody responses were substantially improved following interferon type I blockade relative to control mice (Fig. 9d,f) , consistent with recent reports that show a negative role for interferon in regulating antibody responses. 27, 28 Altogether, our data show that the expansion, function and regulation of memory CD4 T cells are substantially different from those of naive CD4 T cells following antigen challenge, and that type I interferon plays a critical role in regulating T helper differentiation and the balance between immunopathology and immune protection.
Discussion
CD4 T cells help adaptive immune responses following acutely controlled infection or vaccination. In addition, CD4 T-cell responses are crucial for sustaining adaptive immune responses during persistent viral infection, and so, a major goal in the field is to understand the biology and differentiation of CD4 T cells. We focused on two main CD4 T-cell subsets that play predominant roles in the control of viral infections. These include Th1 cells, characterized by their high expression of Tbet, granzyme B, Ly6c and IFN-c and Tfh cells, characterized by the expression of CXCR5, which selectively localize these cells to B-cell follicles. 8 Cognate Tfh cells provide help to B cells in part via CD40L and interleukin-21, which provide signals to help generate neutralizing antibodies. Importantly, immune protection elicited by most licensed vaccines is thought to be dependent on antibodies, and therefore, knowledge of the pathways that skew Tfh cell differentiation is important for rational vaccine design.
Following acutely controlled infection, primary CD4 T cells are highly functional, but during chronic viral infections and cancers, they undergo functional exhaustion and deletion, which limits their ability to sustain CD8 T-cell function and antibody responses. Consistent with this, adoptive transfer of LCMV-specific CD4 T cells . The x-axis represents the log 2-fold change (FC) expression in secondary versus primary and y-axis represents the -log 10 P-value. The horizontal red line represents the P-value cut-off of 0Á05. Dark dots represent not significant genes (P < 0Á05). Yellow dots represent significant genes with FC > 2 and light blue dots genes with FC < 2. Dark red (increased) and dark blue (decreased) represent the remaining significant genes (P < 0Á05). (b) Illustration of selected significant leading genes ranked by their fold change from the highest to the lowest fold change. x-axis represents the top 5000 increased (red) or decreased (blue) in secondary versus primary CD4 cells. y-axis represents the log 2-fold change expression of these genes. during a chronic LCMV infection results in rescue of CD8 T-cell and antibody responses, highlighting the helper roles of CD4 T cells in maintaining immune responses to persistent antigens. 9 Similarly, adoptive transfer of antigen-specific T cells after chimeric antigen receptor engineering has been demonstrated to be a promising therapy against chronic infections and cancers, but it is currently unknown whether the level of 'antigen experience' of adoptively transferred CD4 T cells can impact inflammation and the clearance of the persistent antigen differently. To address this simple question, we compared the effect of transferring naive and memory CD4 T cells into mice followed by a chronic viral challenge. Intriguingly, co-transfer of equal numbers of naive and memory CD4 T cells followed by chronic LCMV Cl-13 challenge resulted in preferential expansion of primary CD4 T cells derived from naive precursors. Similarly, we observed a more limited expansion of secondary CD4 T cells following acutely controlled viral (LCMV Armstrong and vaccinia) and bacterial (Listeria) challenges. It is important to mention that Listeria is a potent Th1-inducer. 29 As shown in our study, primary CD4 T cells are Th1-biased, but the increased primary CD4 T-cell expansion in Listeria-challenged mice may also be partially due to the infection itself. Altogether, we showed that primary CD4 T cells derived from naive precursors proliferate extensively following acute or chronic challenges, whereas secondary CD4 T cells derived from memory precursors undergo a more limited expansion. This is a counterintuitive observation, given that memory immune responses are thought to exhibit greater expansion compared with naive immune responses following antigen encounter. A previous paper from the Ahmed laboratory showed that memory CD8 T cells expand more than naive CD8 T cells in response to acutely controlled viral challenges, 30 which was strikingly different from what we report for CD4 T cells, demonstrating a critical difference between CD8 and CD4 T cells. The aforementioned paper, however, showed that memory CD8 T cells disappear during a chronic infection, which was similar to what we observe for memory CD4 T cells. Deletion of memory CD8 T cells following chronic viral challenge was shown to be dependent on the inhibitory receptor CD244, which was shown to be highly expressed on secondary, but not primary CD8 T cells. 30 Similarly, we also noted that this was one of the most up-regulated genes on memory CD4 T cells relative to primary CD4 T cells.
Overall, our findings demonstrate that secondary CD4 T cells derived from memory precursors are tightly regulated irrespective of the persistence of their cognate viral antigen. Memory CD4 T-cell deletion is a process that may occur during breakthrough infections, and may be critical for preventing excessive tissue damage by vaccineinduced CD4 T-cell responses. Our results are consistent with previous reports that demonstrated limited expansion of secondary CD4 T cells following peptide or LCMV Armstrong immunization, 31,32 but we now show that secondary CD4 T cells not only expand poorly in response to rapidly controlled viral and bacterial antigens, but also chronic viral antigens that provide a more protracted inflammation and antigen stimulation. Importantly, our data demonstrate how primary and secondary CD4 T-cell responses can impact immune protection versus immunopathology. Taken together, memory T-cell differentiation is not a fixed process, and memory T cells can become exhausted or deleted as a way to prevent excessive tissue damage following viral infection.
The secondary CD4 T-cell response derived from memory precursors exhibited a biased Tfh phenotype. A previous study demonstrated that memory Th1 and Tfh cells exhibit lineage commitment, since after antigen rechallenge, each memory subset tends to preserve its Th1 or Tfh profile.
2 Therefore, our observation that secondary CD4 T cells were enriched in Tfh cell responses is probably explained by a preferential expansion of 'committed Tfh cell subsets' and not de-differentiation of Th1 subsets into Tfh cell subsets. Moreover, we assessed the in vivo effect of transferring naive or memory CD4 T cells following viral infection. Strikingly, a high dose of naive SMARTA cells followed by LCMV Cl-13 challenge induced exaggerated adhesion of inflammatory cells at the endothelium, and resulted in lethal pulmonary oedema and bone marrow depletion. Our data are consistent with previous data showing that high doses of naive SMARTA cells could mediate immunopathology during uncontrolled LCMV infection by a mechanism that is partially dependent on tumour necrosis factor and involves persistent viral antigen. [33] [34] [35] However, we also observed immunopathology in terms of hunched posture and lethargy when mice received high doses of naive SMARTA CD4 T cells followed by various acutely controlled pathogen challenges, including LCMV Armstrong or VV-GP (data not shown). This suggests that antigen persistence is not always required to induce CD4 T-cell immunopathology by primary CD4 T cells, since high precursor frequencies of CD4 T cells can similarly induce immune-mediated damage. In contrast, transfer of a high number of memory SMARTA cells followed by viral challenge improved antibody and cytotoxic responses and resulted in 100% survival with minimal weight loss. Consistent with our findings, a previous paper demonstrated that memory CD4 T cells can improve neutralizing antibody responses, 36 but we now demonstrate an undescribed aspect of memory CD4 T cells, namely the ability to help adaptive immune responses in the context of minimal collateral damage (help without harm). This important feature renders memory CD4 T-cell responses better able to protect the host, especially since uncontrolled CD4 T-cell responses can be highly inflammatory and detrimental to the host. It is important to mention that the outcomes of our experiments were dependent on the number of CD4 T cells transferred: very low numbers of memory CD4 T cells were not sufficient to improve antibody and CD8 T-cell responses, and low numbers of naive CD4 T cells were not sufficient to kill the mice. Therefore, the dose of CD4 T cells used in each experiment depended on the question asked, for example, to ascertain the ability of CD4 T cells to help adaptive immunity versus their potential to induce immunopathological disease we adoptively transferred low or high CD4 T-cell numbers, respectively.
Currently, a major limitation of adoptive T-cell therapies in cancer patients is overt inflammation following T-cell transfer, which can sometimes threaten the patient's survival, 19, 37 warranting a deeper understanding of how T-cell responses should be harnessed. Our data demonstrate that adoptive transfer of a high number of naive, but not memory, virus-specific CD4 T cells results in a lethal inflammation following viral challenge. At first glance, this may appear to contradict an earlier paper from our laboratory, in which we demonstrated that memory CD4 T cells elicited by various CD4 T-cell vaccines can trigger a lethal immunopathology following chronic LCMV Cl-13 challenge. 15 The detrimental effect of memory CD4 T cells reported in this previous paper could be explained by the fact that memory CD4 T cells induced by CD4 T-cell vaccines are widely distributed in many tissues (their numbers surpass 10 7 ), exceeding the number of CD4 T cells that can be engrafted following adoptive CD4 T-cell transfers assuming a donor cell engraftment of 10%. Therefore, secondary CD4 T cells pose a lower risk of immunopathology relative to primary CD4 T cells, but the former could nonetheless kill the host if they are present at excessively high numbers without CD8 T cells and antibodies to help control the infection. This could only be achieved by selective CD4 T-cell vaccination. However, single induction of CD4 T-cell responses (in the complete absence of CD8 T-cell responses) is difficult to achieve in nature, as many CD4 T-cell epitopes contain shorter overlapping CD8 T-cell epitopes, 15, 20, [38] [39] [40] [41] [42] ensuring that both cytotoxic CD8 T cells and helper CD4 T cells are generated following antigen challenge.
Is there a reason why primary CD4 T-cell responses are more enriched in Th1 subsets, whereas secondary CD4 T-cell responses are more enriched in Tfh subsets? It is reasonable to hypothesize that, since a primary viral challenge in a naive host results in vigorous intracellular virus replication in the absence of antibodies or CD8 T cells, immune control would depend more on potent Th1 responses to help eliminate infected cells. Following resolution of this primary infection, however, cytotoxic and humoral responses are generated, providing multiple lines of defence that may confer protection upon re-infection. Nevertheless, rechallenge with a higher dose of virus or a mutated virus could result in breakthrough infection, and a biased expansion of Tfh cells during secondary challenge would help to improve further antibody responses to achieve sterilizing protection, while minimizing Th1-driven inflammation after each rechallenge. The preferential expansion of Tfh cells in secondary CD4 T-cell responses may also explain the efficacy of booster immunizations at inducing potent antibody responses. In addition, biased expansion of Tfh cells over Th1 cells is also observed during chronic viral infections, such as those with LCMV, simian immunodeficiency virus and human immunodeficiency virus (HIV). 6, 43, 44 In the case of HIV or LCMV Cl-13, generation of neutralizing antibodies occurs only after months or years of uncontrolled viral replication, which coincides with the gradual accumulation of Tfh cells and deletion of Th1 cells. [45] [46] [47] Altogether, our data and that of others using multiple experimental systems suggest that continuous TCR signalling preferentially expands Tfh cell responses, which appears to be an evolutionarily conserved feature of the virus-specific CD4 T-cell response.
To understand the molecular pathways that regulate primary and secondary CD4 T-cell responses, we performed transcriptional profiling. Of note, Cd244, which encodes inhibitory receptor 2B4, was enriched in secondary CD4 T-cell responses relative to primary CD4 Tcell responses. A previous study demonstrated that high 2B4 expression on secondary CD8 T cells is also associated with deletion of these cells following chronic viral challenge, 30 suggesting a mechanistic overlap between memory CD8 T-cell deletion and memory CD4 T-cell exhaustion. In addition, secondary CD4 T cells derived from memory precursors expressed higher levels of Eomes, which is a transcription factor that drives CD4 Tcell exhaustion, whereas primary CD4 T cells derived from naive precursors expressed higher T-bet levels, which is a transcription factor expressed in functional CD4 T cells. 48 These results suggest that secondary CD4 T cells undergo an accelerated terminal differentiation toward an exhausted state. Importantly, this natural exhaustion process was necessary for the survival of the host. It is important to mention that our transcriptional and adoptive transfer analyses were performed with 'bulk' primary versus secondary CD4 T cells, and future experiments of purified Th1/Tfh cell subsets may reveal additional differences between primary and secondary CD4 T-cell responses.
Furthermore, TCR signalling, mammalian target of rapamycin signalling, and type I interferon signalling pathways were differentially enriched in primary and secondary CD4 T cells. This last result suggested a distinct role of interferons in regulating primary versus secondary responses. Consistent with our gene expression profiling, blockade of type I interferon signalling resulted in improved expansion of primary CD4 T cells, but not secondary CD4 T cells. A previous study showed that blockade of type I interferon improves CD4 T-cell responses during a chronic LCMV infection, 7, 16, 49 but until now it was unknown whether this pathway selectively regulates primary (de novo) or secondary CD4 T-cell responses. Strikingly, interferon type I blockade in chronically infected mice polarized CD4 T-cell responses almost exclusively toward Tfh cell subsets, which resulted in significantly improved antibody responses. A recent study demonstrated that interferon signalling suppresses B-cell responses by regulating CD8 T cells, which could recognize and kill B cells. 28 Other papers have suggested that interferon can regulate Th1 versus Tfh cell differentiation. 49, 50 However, our study is novel,because we now show that interferon regulates not only Th1/Tfh cell differentiation, but also controls the interplay between host inflammation and survival during chronic viral infection. Our data also demonstrate a previously unrecognized feature of memory CD4 T cells that distinguishes them from naive CD4 T cells: their ability to bypass immune regulation by type I interferons during their expansion. However, we do not currently understand whether type I interferon signalling is acting in a CD4 T-cell intrinsic manner, and this will be the focus of future experiments.
The extent to which our findings may generalize to humans has not been rigorously determined, but previous data with experimental HIV vaccines and various clinically approved vaccines show that sequential boosting immunization increases neutralizing antibody responses. This suggests that recall of memory CD4 T cells can improve the antibody response by a mechanism dependent on preferential Tfh cell anamnestic expansion. Taken together, our data demonstrate critical aspects of memory CD4 T-cell responses that render them better poised to help adaptive immunity. These findings may be important for optimizing adoptive T-cell transfer therapies for the control of cancers or chronic infections, and may also provide valuable insights for rational vaccine design.
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